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Plant sesquiterpene and hemiterpene synthases in the monoterpene synthase dominated TPS-b sub-
group are thought to have evolved independently from a monoterpene synthase ancestor. A TPS-b
sesquiterpene synthase from apple (MdAFS1), which predominantly produces a-farnesene, can also
synthesize the monoterpene (E)-b-ocimene. The dual activity offered a functional link to an ances-
tral MdAFS1 enzyme and a rational basis for investigation of the evolution of TPS-b sesquiterpene
enzymes. Protein modelling and mutagenesis analysis of the MdAFS1 active site identiﬁed a non-
synonymous nucleotide substitution that could account for the requisite shift in substrate speciﬁc-
ity necessary for the emergence of its sesquiterpene activity during the evolution of the TPS-b
enzymes.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction are more closely related to each other at the amino acid level thanTerpenes account for the predominant class of plant natural
products and demonstrate a complex array of chemical and func-
tional diversity. Terpenes, which are produced by terpene synthase
(TPS) enzymes, play important roles in plant communication and
defence and hence serve to increase plant ecological ﬁtness [1].
TPS enzymes are unique in their ability to catalyse a vast range
of possible variations in carbocation reactions from comparatively
simple prenyldiphosphate precursors. These precursors include the
10-carbon geranyldiphosphate (GDP), the 15-carbon farneseyldi-
phosphate (FDP) and the 20-carbon geranylgeranyldiphosphate
(GGDP) compounds that are used by mono-, sesqui and di-TPS en-
zymes respectively.
TPS enzymes from different plant species can be placed in sub-
families (TPS-a to TPS-g), based on their amino acid sequence iden-
tity, within the angiosperm or gymnosperm clades [2,3]. However,
rapid divergent evolution of TPS genes has also established spe-
cies-speciﬁc paralogous TPS gene clusters. This is perhaps most
clearly demonstrated in Arabidopsis where more than 10 enzymeschemical Societies. Published by E
lus  domestica a-farnesene
reen).to functionally equivalent synthases in angiosperms [4,5]. Conver-
gent evolution of TPS gene catalytic function has also been ob-
served and appears to be particularly associated with enzymes
that form simple acyclic products. For example, functional and se-
quence analysis of angiosperm and gymnosperm mono-TPS en-
zymes highlighted a cluster of acyclic sesqui-TPS and hemi-TPS
(producing isoprene) enzymes, situated within the mono-TPS
dominated TPS-b and TPS-d subgroups. The sesqui-TPS enzymes
included a-farnesene synthases in both the TPS-b and TPS-d sub-
groups, while the hemi-TPS enzymes all clustered within the
TPS-b subgroup. On the basis of these ﬁndings both the a-farne-
sene synthase and the hemi-TPS enzymes are thought to have
evolved independently from mono-TPS enzymes in angiosperms
and gymnosperms [6,7].
A route to a-farnesene production from an ancestral mono-TPS
would have depended upon events that altered its substrate spec-
iﬁcity and intracellular targeting. The shift from GDP to FDP accep-
tance in the ancestral MdAFS1 enzyme would have likely required
an increase in its active site size to accommodate the additional 5-
carbon prenyl side chain of FDP. Unlike the chloroplast targeted
hemi-TPS and mono-TPS enzymes which rely on either chloro-
plast-derived DMADP and GDP for activity, the MdAFS1 ancestral
enzyme would have also required the loss of exon 1, which en-
codes the plastid targeting signal [8], to target it to the cytosolic
FDP precursor pool.lsevier B.V. All rights reserved.
Table 1
Active site residue comparisons for BPPS and MdAFS1. Residue numbers for both BPPS
and MdAFS1 are shown. Residues involved in TPS Mg2+ binding (DDXXD and NSE/DTE
domains) are also indicated. Unique MdAFS1 residues not known to be associated
with catalysis or metal binding were considered as potential targets for mutagenesis.
The NSE/DTE residue Asn471 was not considered, given its likely involvement in
binding Mg2+. Similarly, the H-a1 loop Ser residue (Ser487) was not targeted for
mutagenesis given its likely role in K+ binding [10].
BPPS Residue no. MdAFS1 Residue no. Differences
Arg 314 Arg 289
Trp 323 Cys 298 U
Ile 344 Ile 319
Ala 347 Val 322 U
Thr 348 Leu 323 U
Asp (DDXXD) 351 Asp (DDXXD) 326
Asp (DDXXD) 355 Asp (DDXXD) 330
1842 S. Green et al. / FEBS Letters 585 (2011) 1841–1846MdAFS1 possesses a number of unusual features including the
ability to produce all four isomers of a-farnesene from an isomeric
mixture of FDP [9] and being the only sesqui-TPS so far reported to
require potassium for normal function [10]. MdAFS1 also retains
some ability to use GDP in the production of (E)-b-ocimene
[9,11] and hence, unlike the TPS-d sesquiterpene producing en-
zymes which cannot use GDP as a substrate [3], offers a functional
link to an ancestral mono-TPS. To investigate the proposed evolu-
tion of MdAFS1 from an ancestral mono-TPS, protein modelling
was used to compare active site residues between MdAFS1 and a
TPS-b mono-TPS crystal structure to highlight alterations that
might explain substrate speciﬁcity differences. Site-directed muta-
genesis targeting the active site residues in MdAFS1 was then used
to test whether it was possible to reverse FDP substrate speciﬁcity.Tyr 426 Leu 402 U
Ser 451 Ser 427
Val 452 Ser 428 U
Ala 453 Ser 429 U
Ile 457 Leu 433 U
Leu 492 Val 467 U
Arg 493 Arg 468
Asp (NSE/DTE) 496 Asn (NSE/DTE) 471 U
Thr (NSE/DTE) 500 Thr (NSE/DTE) 475
Glu (NSE/DTE) 504 Glu (NSE/DTE) 479
Asp 509 Asp 484
Lys (H-a1 loop) 512 Ser (H-a1 loop) 487 U
Ile 564 Met 541 U
Val 567 Val 544
Ile 571 Leu 548 U
Tyr 572 Tyr 549
Phe 578 Phe 555
Fig. 1. MdAFS1 active site model. Representation of the MdAFS1 active site pocket
as predicted from a protein homology model [10] based on the structure of a bornyl
diphosphate synthase (BPPS) structure (PDB code 1N20). The substrate binding
pocket (grey surface) was deﬁned by the 24 residues identiﬁed in the MdAFS1
homology model. Positioning of magnesium atoms (green spheres) is based on the
equivalent atoms in the BPPS crystal structure. The two most notable residue
differences are between the BPPS residues Trp323 and Lys512 residues (yellow) and
the corresponding MdAFS1 residues Cys298 and Ser487 (blue). Although Cys298 has
no reported catalytic role in MdAFS1, the BPPS Trp323 is thought to play a role in
GDP carbocation stabilization. Ser487 in MdAFS1, which forms part of the H-al loop,
is strongly implicated in MdAFS1 K+ binding [10] whereas Lys512 in the BPPS
structure (also in the H-al loop) makes hydrogen-bonding contact with the GDP
substrate [16]. Both Lys512 and Ser487 (via bound K+) are predicted to stabilize the H-
al loop region and hence facilitate optimal substrate binding in BPPS and MdAFS1
enzymes [10].2. Materials and methods
2.1. Sequence analysis and protein modelling
Multiple TPS amino acid sequence alignments were performed
with ClustalX using default parameters, and were manually ad-
justed in GeneDoc (www.nrbsc.org/gfx/genedoc/). Homology pro-
tein modelling and FDP substrate docking was carried out
according to previous methods [10]. However, to more accurately
reﬂect the planarity of the FDP prenyl side chain the docked FDP
molecule in this analysis included the appropriate 2–3, 6–7, and
10–11 carbon-carbon double bonds Protein models were visual-
ized in the molecular graphics and modelling package Pymol
(http://www.pymol.org/).
2.2. Mutagenesis of MdAFS1
Mutated enzymes were generated using the QuickChange™
site-directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions. The PCR-based mutagenesis protocol was
performed using the following: forward 50-GTTGAATGTTTCTCAT
GGGCTGTGGGAGTAGC-30 and reverse 50-GCTACTCCCACAGCCCATG
AGAAACATTCAAC-50 overlapping mutagenic primers.
2.3. Production of recombinant proteins
Recombinant proteins were expressed from pET-30a plasmids
harbouring the gene of interest in BL21-CodonPlus™-RIL cells. Cul-
tures (500 ml) were grown in ZYM-5052 autoinducable media [12]
at 16 C for 65 h at 300 rpm. Recombinant MdAFS1 protein was ex-
tracted and puriﬁed according to previous methods [9]. Protein
concentrations were determined using protein chips on an Experi-
on™ automated electrophoresis system (BioRad) according to the
manufacturer’s speciﬁcations.
2.4. TPS activity analysis
All assays were conducted in quadruplicate and typically con-
tained 300 nM recombinant protein in assay buffer (50 mM Bis-
TrisPropane (pH 7.5), 50 mM KCl 10 mM MgCl2, and 5 mM DTT)
essentially as described by Green et al. [9]. Control assays using
boiled enzymes were used to determine background radioactive
counts. Assays were linear with time and amount of enzyme in
all cases. Assays were repeated at least twice.
Sesqui-TPS assays: [C1-3H1]-FDP (25 lM) was added to 50 ll
assay buffer in 1.5 ml microfuge tubes and reactions incubated
for 5 min at 30 C and stopped with the addition of 150 ll 0.1 M
KOH/0.2 M EDTA solution. Assays were extracted with 0.5 ml hex-
ane with vortexing and an aliquot of the hexane layer taken for
scintillation analysis.Mono-TPS assays: Reactions were carried out 20 ml glass scin-
tillation vials using 5 ml assay buffer and 50 lM of [C1-3H1]-GDP.
S. Green et al. / FEBS Letters 585 (2011) 1841–1846 1843Assays were overlaid with 5 ml hexane, incubated at 30 C for
30 min, and extracted with vigorous vortexing. An aliquot was ta-
ken for scintillation analysis.
2.5. Volatile analysis
Headspace volatile analysis was done according to previously
reported methods [9]. Solvent extractions (20 ml) derived from
5 ml enzyme reactions [10] in the presence of FDP were dried over
MgSO4 and reduced in volume to 200 ll, under a stream of N2,Fig. 2. Conservation of a TPS-b active site tryptophan. ClustalX amino acid sequence ali
binding and ﬂanking residues from TPS-b mono-, sesqui- and hemi-TPS sequences obta
tryptophan and corresponding a-farnesene synthase cysteine residues are indicated by o
also reported to synthesis (E)-b-ocimene in vitro [20]. A grape mono-TPS ((E)-b-ocimene s
green) in place of the conserved Trp. This Ser residue is likely to have derived from an aprior to GC-MS analysis. GC-MS analysis was performed using an
Agilent 6890 N GC coupled to a Waters GCT time of ﬂight (TOF)
mass spectrometer. Separations were carried out on a
20 m  0.18 mm i.d.  0.18 lm ﬁlm thickness DB-Wax (Agilent)
column at a helium ﬂow of 1 ml min1 after a 1 ll, 1 min splitless
injection at 220 C. The oven temperature ramp was 35 C for
1 min, 5 C min1 to 240 C, and hold for 1 min. Authentic-com-
pound retention time standards used were E-b-farnesene (Givau-
dan), and Z,E- and E,E-a-farnesene obtained from ‘Granny Smith’
apples [13,14].gnment of the divalent metal ion motif (DDXXD) region required for TPS substrate
ined from GeneBank (GeneBank assignments are in brackets). The conserved TPS-b
range and yellow backgrounds respectively. The grape a-farnesene synthases () are
ynthase) [20], accounts for the only other variant possessing a Ser residue (boxed in
ncestral Trp residue via a Cys intermediate.
Fig. 3. Comparative terpene synthase activity analysis for WT and C298W mutant
recombinant enzymes. Activities were determined from solvent extraction assays
following incubation with (A) [C1-3H1]-FDP and (B) [C1-3H1]-GDP precursors in the
presence of 10 mM MgCl2 and 50 mM KCl. All data represents mean ± SEM, N = 4.
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3.1. MdAFS1 active site residue analysis
To investigate possible structural changes that could account
for the evolution of MdAFS1 from a mono-TPS ancestor, an ap-
proach based on the methods of Greenhagen et al. [15] was used.
This involved comparison of a mono-TPS TPS-b bornyl diphosphate
(BPPS) crystal structure (PDB accession: 1N20) [16] with a MdAFS1
homology model to identify residues that were either positioned
for substrate interaction or deﬁned the active site surface topology.
In total 24 residues were identiﬁed of which 12 were unique to
MdAFS1 (summarized in Table 1). The two most notable differ-
ences between MdAFS1 and BPPS were cysteine (Cys298) and serine
(Ser487) residues in MdAFS1, which were present as tryptophan
(Trp323) and lysine (Lys512) in BPPS. Notably, Trp323 in the BPPS
had been implicated in stabilizing the carbocation intermediate
formed after GDP ionization, and mutagenesis of an equivalent
Trp residue (Trp315) in a highly promiscuous conifer c-humulene
synthase [17,18] was shown to signiﬁcantly affect TPS catalysis
[19]. Moreover, a highly conserved Lys in the H-a1 loop region of
TPS-b synthases, equivalent to Lys512 in BPPS was also shown by
site-directed mutagenesis to be crucial for the K+-independent
activity of the myrcene synthase AcTPS2 [10] while the corre-
sponding Ser487 in MdAFS1 was identiﬁed as a K+ coordinating li-
gand essential to its K+ dependent activity [10].
To compare the approximate active site positioning of these two
residues and hence determine whether the Trp? Cys alteration in
MdAFS1 could contribute to its ability to accept FDP, the active site
regions in the BPPS structure and the MdAFS1 homology model
were overlaid (Fig. 1). This revealed that the indole ring of a Trp
residue, if transferred to the MdAFS1 active site, would be likely
to perturb FDP substrate binding. To investigate any further signif-
icance of the active site Trp/Cys residue alteration between BPPS
and MdAFS1, the conservation of these residues within the wider
TPS-b subgroup was also investigated.3.2. The active site Trp in BPPS is highly conserved in TPS-b synthases
An alignment of MdAFS1 with 57 TPS-b protein sequences
(Fig. 2) identiﬁed a Trp residue equivalent to Trp323 in BPPS, in
51 of these TPS-b sequences. MdAFS1, three a-farnesene synthase
enzymes from pear (Accessions: AAT7037, ACX55864 and
ACC94157) which share 95% amino acid identity with MdAFS1,
and two bifunctional grape TPS enzymes reported to synthesis a-
farnesene and (E)-b-ocimene in vitro [20], were the most notable
exceptions, all having a Cys residue instead of the Trp. Intriguingly,
the replacement of this Trp by Cys in MdAFS1 and its TPS-b homo-
logues would have resulted from a single non-synonymous nucle-
otide substitution, converting an ancestral TGG codon to the extant
TGT/TGC codons in the nucleotide sequences of these genes. To test
the hypothesis that the Trp? Cys transition was at least in part
responsible for the mono to sesqui TPS change, Cys298 in MdAFS1
was converted to Trp using site-directed mutagenesis, and the
resulting recombinant C298W mutant tested for sesqui- and
mono-TPS activity using a combination of solvent extraction assays
and GC-MS analysis.3.3. C298W mutagenesis in MdAFS1 supports the proposed emergence
of non-cyclic sesquiterpene activity in the TPS-b synthases
Analysis of the C298W solvent extraction assays by scintillation
counting showed negligible (i.e. equivalent to background levels)
sesqui-TPS activity compared with the WT enzyme in the presence
of [C1-3H1]-FDP. However, mono-TPS activity following addition of[C1-3H1]-GDP was still evident (Fig. 3) although decreased to 55–
65% of that observed in the WT enzyme. GC-MS analysis of head-
space volatiles produced from the C298W mutant, following the
addition of non-tritiated FDP and GDP precursors showed an ab-
sence of a-farnesene (Fig. 4A) and identiﬁed (E)-b-ocimene as the
predominant monoterpene (Fig. 4B). The fact that the Cys? Trp
alteration in MdAFS1 primarily affected sesqui-TPS activity and
did not substantially affect mono-TPS activity demonstrates that
the mutagenesis had not resulted in a wider destabilization of its
active site. It also showed that the introduced Trp had no impact
on the mono-TPS product speciﬁcity of MdAFS1. It thus suggests
that the ancestral mono-TPS may have been an (E)-b-ocimene
synthase.
The loss of an active site Trp residue, in addition to enabling FDP
acceptance in the MdAFS1 ancestral enzyme, may have also con-
tributed to a concomitant reduction in its mono-TPS activity. Ac-
tive site aromatic residues in TPS enzymes have been implicated
in carbocation stabilization through cation–p interactions
[21,22]. In the BPPS structure, Trp323 (Fig. 1) is proposed to act in
a concerted fashion with Phe578 (Phe555 in MdAFS1) to stabilize
the GDP cationic species. Given the proposed role for this active
site Trp in BPPS, the MdAFS1 C298Wmutationmight have been ex-
pected to increase its mono-TPS activity by way of an equivalent
Trp298/Phe555 interaction. However, no such increase in mono-
TPS activity was observed (actually a decrease), suggesting that a
corresponding Trp residue did not play a catalytic role in the ances-
tral enzyme, or alternatively and more likely, that it acted in con-
cert with other residues now absent from the MdAFS1 active site.
3.4. Alternative routes for the evolution of substrate speciﬁcity in the
TPS-b subgroup
Recently, the characterisation of several sandalwood (Santalum
sp) TPS-b sesqui-TPS enzymes which possess the conserved mono-
TPS active site Trp residue [23], highlighted an alternate route for
the evolution of sesqui-TPS activity in the TPS-b subgroup. The
authors suggested that the residual activity with GDP observed in
these divergent sesqui-TPS enzymes responsible for santalene and
bergamotene biosynthesis in sandalwood was indicative of an
ancestral mono-TPS origin via loss of the plastid targeting signal
and active site specialisation. Although it remains to be seen what
structural rearrangements underlie these enzymes ability to accom-
modate the larger FDP substrate, the presence of the conserved Trp
obviously did not perturb the ability of FDP to bind in a manner
Fig. 4. Non-quantitative activity analyses of MdAFS1 (WT) and C298W enzymes. GCMS traces (m/z 93) for (A) (E,E)-a-farnesene resulting from FDP in the presence of (1) WT
and (2) C298W mutant MdAFS1. Identiﬁcation of (E,E)-a-farnesene was based on MS analysis and by comparison to (3) (E,E)-a-farnesene standard. Corresponding GCMS
traces in (B) are for (E)-b-ocimene produced from GDP in the presence of (4) WT and (5) C298W mutant MdAFS1 enzymes. (E)-b-ocimene was identiﬁed on the basis of MS
analysis and by comparison to an (E)-b-ocimene standard (6). The small peak observed in (2) was tentatively assigned as (E,E)-a-farnesene and was assumed to have been
derived from FDP solvolysis. However, from retention time comparison the (E,E)-a-farnesene isomer designation of this peak appears to be incorrect.
S. Green et al. / FEBS Letters 585 (2011) 1841–1846 1845consistent with either santalene or bergamotene biosynthesis.
Investigation into the catalytic behaviour of a TPS-b Salvia fruticosa
mono-TPS (Sf-Cin1) enzyme [24] offers clues to the nature of addi-
tional active site residue alterations which would allow these en-
zymes to accommodate FDP. Mutagenesis experiments in Sf-Cin1
identiﬁed Asn338 (Asn320 in MdAFS1) as an active site residue with
signiﬁcant plasticity in terms of modulating both product and sub-
strate speciﬁcity. A single mutation converting Asn338 to the equiv-
alent Santalum Gly residue enabled the requisite increase in active
site volume to accommodate the larger FDP substrate and catalyse
its conversion to cyclic and non-cyclic sesquiterpene products.
Moreover, a concomitant increase in promiscuous monoterpene
activity was also observed in this N338G mutant. In light of these
ﬁndings it is reasonable to hypothesis that the Santalum
sesqui-TPS active site gly is also likely to contribute to these
enzymes capacity to accommodate and process FDP.
Although current evidence suggests that the barrier to FDP
binding and utilisation in the TPS-b mono-TPS enzymes is easily
crossed, an evolutionary route from FDP to GDP substrate speciﬁc-
ity appears to be more difﬁcult to attain. This observation is sup-
ported both by the lack of reports on mono-TPS enzymes that are
also capable of producing sesquiterpenes in vitro and the reduction
of (E)-b-ocimene production in the C298W MdAFS1 mutant com-
pared to the WT enzyme. Interestingly however, codon analysis
of a grape (E)-b-ocimene synthase [20] in which the conserved
TPS-b Trp is replaced by a Ser, indicates it could have evolved from
an ancestral Trp residue via an intermediate Cys residue. Mutation
of this Ser residue to both Trp and Cys offers intriguing possibilities
to further elucidate the possible evolutionary routes interconnect-
ing FDP and GDP substrate speciﬁcity in the TPS-b enzymes.
The evolutionary signiﬁcance of MdAFS1 capacity for both a-
farnesene and (E)-b-ocimene synthesis would appear to pertain
only to its proposed ancestral origin. Although ocimene is released
from apple fruit its emission is primarily from the cortex of unripe
fruit while a-farnesene is predominantly emitted from ripe fruit
skin (Nieuwenhuizen, unpublished data). The temporal and com-partmental separation of farnesene and ocimene emission in apple
fruit indicates that ocimene production is due to the presence of an
as yet unidentiﬁed mono-TPS enzyme.
The above analysis provides evidence that a single non-synony-
mous substitution in an ancestral MdAFS1 gene (that we hypothe-
sise was a mono-TPS enzyme) could have resulted in an enzyme
that was able to accommodate FDP as a substrate and catalyse its
conversion to sesquiterpene products. It also provides further in-
sight into the evolution of other TPS-b sesqui-TPS enzymes and
more generally, a platform to progress our understanding of the
structural basis underlying substrate speciﬁcity in TPS enzymes
proposed to have emerged because of convergent evolution.References
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